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ReviewThe Control of Dendrite Development
sounds, odors, and moving sight. Besides those ques-Yuh-Nung Jan* and Lily Yeh Jan
Howard Hughes Medical Institute tions, there are many other very intriguing and relevant
issues that are beyond the scope of this review, includ-Departments of Physiology and Biochemistry
University of California at San Francisco ing the role of activity in dendrite development (Bonhoef-
fer and Yuste, 2002; Cline, 2001; Nimchinsky et al., 2002;San Francisco, California 94143
Wong and Ghosh, 2002); the role of local translation in
dendrite formation and synapse plasticity (Steward and
Schuman, 2003 [this issue of Neuron]); how differentDendrite development is an important and unsolved
problem in neuroscience. The nervous system is com- signal molecules, such as receptors, ion channels, and
signaling complexes, are targeted to different domainsposed of a vast number of neurons with strikingly dif-
ferent morphology. Neurons are highly polarized cells of dendrites and synapses (Horton and Ehlers, 2003 [this
issue of Neuron]; Bredt and Nicoll, 2003 [this issue ofwith distinct subcellular compartments, including one
or multiple dendritic processes arising from the cell Neuron]); and the control of dendritic degeneration, re-
generation, and pruning.body, and a single, extended axon. Communications
between neurons involve synapses formed between
axons of the presynaptic neurons and dendrites of the How Are Neurites Specified to Become
postsynaptic neurons. Extensive studies over the past Axons or Dendrites?
decade have identified many molecules underlying ax- Dendrites differ from axons molecularly, morphologi-
onal outgrowth and pathfinding. In contrast, the con- cally, and functionally. Neurons are probably already
trol of dendrite development is still much less well polarized before they elaborate their dendrites and
understood. However, recent progress has begun to axon. There is evidence that both extrinsic factors and
shed light on the molecular mechanisms that orches- intrinsic cues contribute to the initial polarization of the
trate dendrite growth, arborization, and guidance. neuron (see review by Horton and Ehlers, 2003).
Since neurons originate from the neuroepithelium, it
Introduction has been proposed that neurons inherit their polarity
Dendrite development is a fascinating but enormously from the epithelial layer. It is perhaps not as simple as
complicated problem. Fortunately, one can break it supposing that axons correspond to the apical compart-
down into a set of smaller and more manageable prob- ment whereas dendrites correspond to the basolateral
lems, including the following. (1) What sets up neuronal compartment of epithelial cells. Nevertheless, recent ex-
polarity in the first place, and how is this polarity utilized periments have provided some evidence that neuronal
for specifying where axon and dendrite outgrowth takes polarity is controlled by some of the same molecular
place in a neuron? (2) How are axons and dendrites cues utilized for specifying epithelial polarity. For exam-
specified? Notwithstanding important differences be- ple, the Par3, Par6, and aPKC (atypical PKC) genes were
tween axons and dendrites, their development might be initially discovered for their essential role in specifying
interrelated. What is the relationship? Do neurons switch the antereoposterior polarity of C. elegans embryos at
from axonal growth mode to dendritic growth mode the one cell stage. It turns out that Par3/Par6 and aPKC
during development? If so, what controls the switch? form an evolutionarily conserved protein complex to
(3) A striking feature of the nervous system is that there control cellular polarity in worm, fly, and mammals
are many (possibly thousands) different types of neu- (Kemphues, 2000; Wodarz, 2002). Recently, the mam-
rons. Each type has a characteristic and recognizable malian homologs mPar3, mPar6, and aPKC were found
dendritic arborization pattern. How do neurons acquire to play significant roles in specifying neuronal polarity
their type-specific dendritic morphology? (4) A neuron’s in cultured hippocampal neurons (Shi et al., 2003).
dendrite does not develop in isolation; in some cases, What Makes an Axon Different from a Dendrite?
it is influenced by the dendrites of neighboring neurons. A very useful system for studying this problem is the
For example, many types of neurons exhibit “tiling” phe- primary culture of hippocampal neurons, which display
nomenon. Tiling refers to the complete but nonredun- five developmental stages. Initially there is no discern-
dant coverage of a receptive area by dendrites of the ible polarity, as neurons elaborate lamellipodia (stage
same functional group of neurons. Tiling may be a fairly 1) and then short neurites (stage 2). One of these neurites
general organizing principle in the nervous system. What forms the axon by extending a large and highly dynamic
is the underlying mechanism? (5) What translates from growth cone with labile actin cytoskeleton (stage 3),
form to function? leaving the rest of the neurites to form dendrites (stage
There are a number of recent reviews that cover some 4) and setting the stage for synaptogenesis (stage 5)
of those issues (Cline, 2001; Jan and Jan, 2001; McAllis- (Craig and Banker, 1994; Dotti et al., 1988).
ter, 2000; Scott and Luo, 2001; Whitford et al., 2002a; As a cultured hippocampal neuron progresses from
Wong and Ghosh, 2002). In this review, we will focus on stage 2 to stage 3 by rapidly extending one of its neurites
recent progress made in items (2), (3), and (4) and pro- to form an axon, the tip of this newly formed axon selec-
vide a glimpse on item (5) with examples for sensing tively harbors mPar3 and mPar6 proteins as well as
activated PI 3-kinase, revealed by phosphorylation of its
downstream effector, the Akt kinase. Moreover, ectopic*Correspondence: ynjan@itsa.ucsf.edu
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mPar3/mPar6 expression, aPKC or PI 3-kinase inhibi- factor for Rac1. Tiam1 and CRMP-2 have similar intracel-
lular distribution and function, as indicated by their over-tion, or treatments that reduce the PI 3-kinase product
phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) expression and reduction-of-function phenotypes. Tiam1
preferentially localizes to the neurite displaying theblock axon specification, so that none of the neurites
becomes substantially longer than the others and no largest growth cone (the future axon) in stage 2–3 neu-
rons. Overexpression of Tiam1 induces the formation ofneurites take on axonal properties, such as expressing
the axonal marker Tau-1 (Shi et al., 2003). It thus appears supernumerary axons. Conversely, reduction of Tiam1
suppresses the formation of axons. Tiam1 appears tothat the Par3/Par6/aPKC partnership known for its role
in specifying the polarity of epithelia and cells that un- promote axon formation by affecting actin cytoskeleton
in the growth cone, leading to growth cone enlargement,dergo asymmetric division may also specify neuronal
polarity. lamellipodial spreading, shortening of actin ribs, and
the subsequent penetration of microtubules within theHow might the Par3/Par6/aPKC complex influence
axon specification? By analogy with its role in epithelial central growth cone region. Consistent with the notion
that Tiam1 promotes axon formation by affecting actinpolarity, the Par3/Par6/aPKC complex may exert its role
in part by affecting actin and/or microtubule dynamics. dynamics, cytochalasin D treatment reverts the sup-
pression of axon formation caused by reduction ofIndeed, manipulation of actin/microtubule dynamics can
influence axon/dendrite specification. Tiam1. Since Tiam1 is a Rac-GEF, presumably Tiam1
can promote Rac activation, hence growth cone lamellarActin Dynamics Plays a Role in Axon Selection
Bradke and Dotti (1999) found that local perfusion of spreading and enlargement. Interestingly, Tiam1 is as-
sociated with microtubule possibly by binding directly tocytochalasin D onto a growth cone of a neurite destined
to be a dendrite induces it to grow as an axon. They tubulin. As a microtubule-associated protein with Rac-
GEF activity, Tiam1 might serve as a link between micro-suggest that polarized actin-filament instability deter-
mines initial neuronal polarization. The actin cytoskele- tubule and actin dynamics.
Can Extracellular Cues Influence Axon Selection?ton of the future axonal growth cone is highly dynamic
and less restrictive for microtubule protrusion and may Changes of cytoskeleton are likely induced by the sur-
rounding of a neuron, thereby allowing its axon to form inallow the polarized growth of the future axon (Bradke
and Dotti, 1999, 2000). the appropriate orientation. Indeed, when hippocampal
neurons are grown on substrates patterned with stripesMicrotubule Dynamics Also Contributes
to Axon Specification of polylysine and either laminin or neuron-glia cell adhe-
sion molecule (NgCAM), the undifferentiated neuritesThis notion is supported by a recent study demonstra-
ting that a tubulin binding protein, CRMP-2 (collapsin contact either substrates with equal opportunity, but the
axons form preferentially on laminin or NgCAM (Eschresponse mediator protein-2), can promote the forma-
tion of axons (Fukata et al., 2002; Inagaki et al., 2001). et al., 1999). Thus, substrate molecules can influence
axon selection.CRMP-2 is a mammalian homolog of UNC-33 in C. ele-
gans; mutations of unc-33 result in abnormal axon termi- Although the cultured hippocampal neuron is un-
doubtedly a very valuable model system for studyingnation of many neurons. CRMP-2 expression is re-
stricted to the developing nervous system. In cultured neuronal polarity, one needs to be cautious about ex-
trapolating the results to in vivo situations, because po-hippocampal neurons, CRMP-2 expression is enriched
in the distal part of the growing axon during stage 3–5. larity and asymmetry can be altered by disruption of cell-
cell interaction (Lu et al., 2001). Further, not all neuronsOverexpression of CRMP-2 leads to the formation of
supernumerary axons and enhances axonal branching. select an axon from several apparently equal neurites,
as in the case of the cultured hippocampal neuron. ForInterestingly, overexpression of CRMP-2 at a later stage
can induce axonal sprouting from established dendrites example, live imaging of zebrafish motoneurons (Myers
et al., 1986; Westerfield et al., 1986) and Drosophilaat stage 4–5. Those experiments show that overex-
pressed CRMP-2 confers axonal identity not only in sensory neurons (Gao et al., 1999) show these neurons
initially send out a single process to form the axon,short neurites in their initial stages of development but
also in established dendrites. Conversely, the expres- whereas dendrites appear later. Further studies are
therefore necessary to examine the in vivo roles of thosesion of a truncated (and putative dominant-negative)
form of CRMP-2 mutants suppresses the formation of an molecules found to be important for the axon/dendrite
specification of cultured hippocampal neurons.axon. Thus, CRMP-2 has an essential role in promoting
axon formation. How might CRMP-2 carry out this func- Forward genetics of model systems has begun to
identify additional molecules involved in the specifica-tion? CRMP-2 can promote microtubule formation, but
it does so differently from other microtubule-associated tion of axon or dendrite. One candidate is the SYD-1
protein implicated in axon specification in C. elegansproteins, such as Tau, which binds microtubules and
stabilizes them against depolymerization. In contrast, (Hallam et al., 2002). SYD-1 contains PDZ, C2, and Rho-
GAP-like domains and is localized to the presynapticCRMP-2 binds tubulin heterodimers and enhances mi-
crotubule polymerization. The microtubule assembly terminal. In loss-of-function syd-1 mutants, the den-
drites of GABA-expressing motoneurons resemble ax-function of CRMP-2 is necessary (though not sufficient)
for it to promote axon formation (Fukata et al., 2002). ons in exhibiting presynaptic specialization during their
initial differentiation. Their axons retain axonal proper-Might There Be a Link between Actin Dynamics
and Microtubule Dynamics in Axon Selection? ties, such as the expression of multiple presynaptic
markers, albeit with reduced presynaptic specialization.Tiam1 provides a potential link (Kunda et al., 2001). The
invasion-inducing T-lymphoma and metastasis 1 (Tiam1) Thus, syd-1 appears to be involved in specifying axonal
identity. It is not yet clear whether syd-1 is involved inprotein functions as a guanosine nucleotide exchange
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the initial polarization of the neuron or perhaps more Messersmith et al., 1995) are also involved in dendrite
outgrowth/guidance (Furrer et al., 2003; Godenschwegelikely in using this polarity cue to confer axonal proper-
ties by localizing presynaptic molecules in just one of et al., 2002; Polleux et al., 2000; Whitford et al., 2002b).
In one study, Furrer et al. (2003) analyzed the roles ofthe neurites.
In summary, the studies mentioned above have begun Slit/Robo, Commisureless (a regulator of Robo expres-
sion), and Netrin/Frazzled in both axonal and dendriticto identify candidate molecules and have provided entry
points toward the understanding of how neurites are guidance of three individually identifiable motoneurons
in Drosophila embryonic CNS. Each of those threespecified to become axons or dendrites, but such stud-
ies are still in an early stage. motoneurons, RP3, aCC, and RP2, has distinct axonal
and dendritic projections. Mutations of comm, robo,
netrin, and frazzled that cause axon guidance defectsControl of Dendritic Growth, Guidance,
also lead to dendritic misguidance at the CNS midline.and Branching
The exact phenotype and penetrance varies with differ-We discuss in this section the following questions. How
ent neurons and different mutants. The dendritic guid-does a neuron extend dendrites? What controls when
ance defects observed in robo or frazzled mutants canand where a dendrite branches and when it stops
be partially rescued by resupplying Robo or Frazzled togrowing?
those motoneurons (and in some cases to a few otherHow Do Dendrites Grow?
neurons nearby), suggesting that both robo and frazzledLive imaging shows that dendrite growth is a very dy-
normally have cell-autonomous roles in dendritic guid-namic process. For example, expression of GFP specifi-
ance at the CNS midline. Interestingly, the axon andcally in dendritic arborization (da) neurons (a type of
dendrite of a single neuron can be affected indepen-Drosophila sensory neuron with an extensive dendritic
dently by a given mutation. For example, frazzled muta-arborization) allows dendrite development to be visual-
tion can impact dendrite guidance without affectingized in living embryos (Gao et al., 1999; Grueber et al.,
axon guidance of the aCC motoneuron. How might a2003b; Sugimura et al., 2003). The dendrites can branch
receptor protein affect axon guidance and dendriteeither via bifurcation of growth cone-like tips or through
guidance of a single neuron differently? It could be thatinterstitial sprouting of new branches from an existing
the protein is preferentially localized to axons or den-dendritic branch. These new branches extend and re-
drites in a temporally dependent manner during devel-tract to undergo constant remodeling. Only a subset is
opment. Alternatively, it could be that certain compo-eventually stabilized. The building materials for such
nents of the downstream signal transduction pathwaysgrowth are likely made both in the cell body and in
are localized unequally in axon and dendrite.dendrites. However, the precise locations where build-
In another study, Whitford et al. (2002b) found thating materials are incorporated into growing dendrites
Slit/Robo also regulate dendritic growth and branchingremain to be determined.
in mammalian cortical neurons. They found that one ofWhat Factors Control Dendritic Growth,
the three Slits, Slit1, and two of the three Robos, Robo1Guidance, and Branching?
and Robo2, are expressed in the developing rat cortexBoth extrinsic and intrinsic factors are involved in these
during the time of axon and dendrite outgrowth. By usingprocesses (Cline, 2001; Gao and Bogert, 2003; Jan and
primary cell culture from the developing rodent cortex,Jan, 2001; McAllister, 2000; Scott and Luo, 2001; Whit-
they found that Slit1 promotes dendritic growth andford et al., 2002a; Wong and Ghosh, 2002). For example,
branching of the cortical neurons. Conversely, Robo1in vertebrates, neurotrophin 3 (NT-3), brain-derived neu-
or Robo2 receptor body (i.e., a fusion protein of Robo1rotrophic factor (BDNF), and nerve growth factor (NGF)
or Robo2 ectodomain and Fc domain, which is expectedcan act as extrinsic factors to influence the dendritic
to bind and inhibit extracellular Slits in the culture) whenmorphology of cortical neurons (McAllister et al., 1995).
added to the culture medium can suppress dendriticFurthermore, the same neurotrophic factors can either
growth and branching, supporting the notion that en-inhibit or promote dendritic outgrowth in cortical slices,
dogenous Slits in the culture promote dendritic growthdepending on the neuronal subtype (McAllister et al.,
and branching. To demonstrate that the effect of Slit1997). Bone morphogenetic proteins (BMPs) also modu-
is indeed through the Robo receptor, they show thatlate dendritic arborization of cultured neurons (Lein et
transfection of a putative dominant-negative Robo con-al., 1995). CPG15, a putative glycosylphosphatidylinosi-
struct into cultured cortical neurons can significantlytol (GPI)-linked molecule regulated by synaptic activity,
attenuate the Slit-induced dendrite growth and branching.promotes dendritic growth of projection neurons in vi-
To determine whether activation of Robo receptors isrally infected tadpoles of Xenopus laevis (Nedivi et al.,
sufficient to induce dendritic branching, they trans-1998).
fected a construct of Met-Robo chimeric receptor withSome Extrinsic Factors Affect Both Axonal
the extracellular domain of Met, the hepatocyte growthand Dendritic Outgrowth
receptor, and the transmembrane and cytoplasmic do-Several molecules originally discovered for their role in
main of Robo1 or Robo2 and showed that HGF canaxonal outgrowth and pathfinding (Dickson, 2002; Grun-
promote dendritic growth and branching of the neuronswald and Klein, 2002; Tessier-Lavigne and Goodman,
that carry the chimeric receptor. This study shows that1996), including Slit and its receptor Roundabout
Slit can promote the growth and branching of dendrites,(Robo)/Dutt (Brose et al., 1999; Kidd et al., 1998, 1999),
perhaps parallel to its effect in promoting the growthNetrin and its receptor DCC/Frazzled/UNC-40 (Keino-
and branching of sensory neuron axons (Wang et al.,Masu et al., 1996; Kolodziej et al., 1996; Leonardo et al.,
1997a, 1997b), as well as Semaphorins (Luo et al., 1993; 1999). In light of these findings, it would be interesting
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to characterize the dendritic defects in Slit/Robo knock- Drosophila mushroom body (Liu et al., 2000). MAP2 is
a major component of crossbridges between microtu-out mice.
Another extracellular factor that can affect the out- bules and is known to stabilize them. In MAP2-deficient
mice, there is a reduction of microtubule density in den-growth of both axons and dendrites is Semaphorin 3A.
By using a slice overlay assay in which they grow disso- drites as well as a reduction of dendritic length of hippo-
campal neurons (Harada et al., 2002). The functions ofciated mouse cortical neurons on top of cultured rat
brain slices, Polleux et al. (2000) show that there is a actin and microtubule need to be coordinated for den-
dritic morphogenesis, a process that may involve pro-diffusible factor that can orient apical dendrites toward
the pial surface, and Sema 3A is a good candidate for teins that crosslink actin and microtubule. One such
protein is Kakapo (also known as Shortstop), a Droso-such a chemoattractant, because an ectopically placed
Sema 3A source is sufficient to attract apical dendrites, phila member of the Plakin family of proteins that can
crosslink cytoskeletal elements with other cytoskeletalwhereas antibody against Neuropilin-1, a Semaphorin
receptor, can attenuate this dendrite orientation re- elements or with cellular junctions (Fuchs and Karakesi-
soglou, 2001). In kakapo mutants, the dendritic branch-sponse. Consistent with this notion, in sema 3A null
mice, many of the cortical pyramidal neurons have mis- ing of sensory neurons and motoneurons is severely
reduced (Gao et al., 1999; Prokop et al., 1998).oriented apical dendrites. This apical dendrite misorien-
tation phenotype is also seen in fyn knockout mice. In Components of signal transduction pathways in-
volved in dendritic morphogenesis are beginning to befyn or cdk5 knockout mice, Sema 3A-induced growth
cone collapse responses are attenuated. Further, there identified. For example, endogenous CaMKII activity
limits dendritic growth and stabilizes dendritic arboris strong genetic interaction between sema 3A and fyn
in the apical dendrite misorientation phenotype of the structure in Xenopus (Wu and Cline, 1998) and CaMKIV
activity is important for mediating calcium-induced den-cortical neurons. This genetic evidence together with
biochemical evidence suggests that Fyn and Cdk5 me- dritic growth in rat cortical neurons (Redmond et al.,
2002). Those kinases are likely to mediate dendritic pat-diate Sema 3A signaling (Sasaki et al., 2002). The effect
of Sema 3A as an attractant for the apical dendrite is terning by neuronal activity. In the case of CaMKIV, it
functions at least in part by activating transcriptionalopposite to the repulsive effect of Sema 3A on cortical
axons. Previous studies suggest that levels of cAMP regulator CREB, as expression of a dominant-negative
form of CREB blocks calcium and CaMKIV-induced den-and cGMP determine whether a growth cone responds
to the same extracellular cue with attraction or repulsion dritic growth (Redmond et al., 2002). Recently, transcrip-
tional regulators that appear to have rather specific roles(Song et al., 1998). The different effects of Sema 3A
on axons and dendrites could be due to asymmetric in controlling dendritic branching have also begun to be
identified (see below).localization of soluble guanylate cyclase (SGC) in axons
and dendrites; high levels of SGC are found in the apical Are Axon Growth and Dendrite Growth Related?
As described above, many molecules originally discov-dendrites and cGMP signaling appears to be necessary
for proper orientation of dendrite growth (Polleux et al., ered for their functions in axon guidance and growth
and branching were subsequently found to have roles in2000). Thus, the differential effect of Sema 3A on axons
and dendrites, possibly mediated by asymmetric local- controlling dendritic growth, guidance, and branching.
This raises the question of whether axons and dendritesization of signal transduction components, such as SGC,
can contribute to the orientation of axon and dendrite respond to many or possibly all of the same growth
and guidance signals (Goldberg, 2003). Based on ouroutgrowth.
Many Intrinsic Factors Have Also Been Found ongoing work, we suspect that there are actually specific
extracellular cues and intracellular signal transductionto Regulate Dendritic Morphology
These factors include regulators of cytoskeletal ele- components used to promote dendrite (but not axon)
growth or branching. Those molecules were not foundments and components of signal transduction pathways
as well as transcriptional regulators (Gao and Bogert, previously simply because a systematic search for den-
drite-specific guidance and growth signals has not been2003; Scott and Luo, 2001). Since actin and microtubule
are essential structural components of dendrites, vari- carried out until very recently.
Although axon and dendrite differ in some importantous signaling pathways regulating dendrite develop-
ment must eventually end up affecting actin and/or aspects, axon and dendrite development might be inter-
related. Goldberg et al. (2002) showed that, during devel-microtubule dynamics. Indeed, regulators of actin dy-
namics, including Rho-family of GTPases and some of opment, mammalian retinal ganglion cells (RGCs) seem
to switch irreversibly from an axonal to a dendritictheir downstream effectors, play important roles in con-
trolling dendritic morphology. This subject has been ex- growth mode. They were able to grow purified rat RGCs
in culture without glia but with many other cell typestensively reviewed recently (Cline, 2001; Luo, 2002; Red-
mond and Ghosh, 2001) and will not be covered here. from retina. They found that purified E20 RGCs extend
their axons at a rate about ten times that of P8 RGCs.Several proteins known to regulate microtubule trans-
port or stability are reported to affect dendritic morphol- This neonatal decrease in axonal growth ability of P8
versus E20 RGCs is not simply due to an intrinsic agingogy. For example, the mitotic motor protein CHO1/
MKLP1, which is thought to transport minus-end-distal program because E20 RGCs aged in culture for 10 days
maintain their high rate of axonal growth. These resultsmicrotubules into dendrites, is required for dendritic dif-
ferentiation of cultured neurons (Yu et al., 2000). Muta- suggest that the normal loss of axonal growth ability is
due to an in vivo signal from another cell type in thetions of the microtubule-associated motor protein dyn-
ein or its associated protein Lis 1 affect growth retina, most likely amacrine cells, because direct contact
with amacrine cells or amacrine cell membrane prepara-branching and maturation of dendrites of neurons in
Review
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tion induced E20 RGCs to decrease their axonal growth have longer neurites than their sisters. This finding is in
accordance with previous observations that Notch canability. Goldberg et al. (2002) further note that E20 RGCs
suppress cortical neurite outgrowth and Numb can in-elongate primarily axons but not dendrites, whereas P8
hibit the action of Notch (Redmond et al., 2000; SestanRGCs grow mostly dendrites. Taken together, they pro-
et al., 1999).pose that during retinal maturation a contact-mediated
Transcriptional Regulators Are Good Candidatesor membrane-associated signal from amacrine cells
for Intrinsic Factors that Can Confertriggers neonatal RGCs to irreversibly switch from an
Type-Specific Dendritic Morphologyaxonal to dendritic growth mode.
One such factor was found from forward genetic screensIt is well known that mature mammalian CNS neurons
for mutants affecting dendrite development using thelose their ability to regenerate axons. Goldberg et al.
embryonic peripheral nervous system (PNS) of Drosoph-(2002) made a very interesting proposal that perhaps
ila as an assay. The fly embryonic PNS has three majorthis irreversible switch from the axonal growth mode to
types of sensory neurons: external sensory (ES) neu-dendritic growth mode is an important contributor to
rons, chordotonal (CH) neurons, and multiple dendriticthe failure of CNS neurons to regenerate in vivo. If such
(MD) neurons. ES neurons and CH neurons have onlya switch indeed exists, it will be very interesting to iden-
single unbranched dendrites. In contrast, MD neuronstify it. Such knowledge may be useful in devising strate-
have a fairly elaborate branching pattern. By expressinggies to promote the regeneration ability of CNS neurons.
GFP specifically in MD neurons in living embryos to
visualize dendrite development, one can perform ge-How Do Different Types of Neurons Acquire Their
netic screens for mutants affecting dendrite develop-Type-Specific Dendritic Morphology?
ment (Gao et al., 1999). hamlet was found to functionThe type-specific dendritic branching pattern is a hall-
as a binary genetic switch for the elaboration of dendriticmark of different neuronal types. For example, the ama-
arbors in sensory neurons (Moore et al., 2002). hamletcrine cells of rabbit retina can be divided into more
encodes a multiple domain, evolutionarily conserved,than 20 subtypes simply based on dendritic branching
Zn finger-containing nuclear protein, which is transientlypatterns (MacNeil and Masland, 1998). How different
expressed in ES neurons at the time of dendrite out-types of neuron acquire their type-specific dendritic
growth. In loss-of-function hamlet mutants, ES neuronsbranching pattern is a central issue for dendrite develop-
with their single unbranched dendrite are transformedment.
into MD neurons with an elaborate dendrite arbor. Con-Extrinsic Factors Can Have Different Effects on
versely, ectopic expression of hamlet even in postmi-the Dendritic Morphology of Different Neurons
totic MD neurons causes the opposite transformation.One mechanism by which different neurons may gener-
Thus, hamlet is a regulator of dendritic branching.ate different dendritic branching patterns is for different
Drosophila dendritic arborization (da) neurons are theneurons to respond differently to external dendritic
major subtype of MD neurons and can be subdividedgrowth/guidance/branching signals. For example, appli-
into four classes based on dendritic morphology (Grue-cation of neurotrophins (NGF, BDNF, NT-3, and NT-4) to
ber et al., 2002). Class I and II neurons have relatively
organotypic slices of developing ferret cortex promotes
simple dendritic branching patterns and small dendritic
dendritic growth and branching of the cortical neurons.
fields. In contrast, class III and IV neurons have more
Different types of cortical neurons respond differently
complex dendritic branching patterns and large den-
to different neurotrophins with distinct changes of their dritic fields. Further, class III neurons have one additional
basal and apical dendritic patterns (McAllister et al., feature, namely, numerous short terminal branches (the
1997). With CaMKcre-mediated recombination, the neu- dendritic spikes) extending from the main dendritic
rotrophin receptor TrkB could be removed from cortical trunks. Those four classes of neurons express distinct
pyramidal cells resulting in reduction of the complexity levels of Cut, a homeodomain containing transcriptional
of dendrites, providing evidence for in vivo functions of factor previously found to have an important role in
neurotrophins in dendritic growth and patterning (Xu et specifying ES neuron cell fate in the fly (Blochlinger et
al., 2000). In the Drosophila embryonic CNS, as men- al., 1988; Bodmer et al., 1987). Class I, II, IV, and III
tioned earlier, Netrin or Slit affects the dendritic pat- neurons have nondetectable, low, medium, and high
terning of different motoneurons differently (Furrer et levels of Cut expression, respectively, throughout em-
al., 2003). bryonic and larval development (Grueber et al., 2003a).
Presumably, different neurons can respond differently Analysis of loss-of-function mutations and class-spe-
to the same extracellular factors because there are in- cific overexpression of Cut reveals that the level of Cut
trinsic differences between those neurons. What might expression regulates the distinct, class-specific pat-
those intrinsic differences be? One intrinsic factor that terns of dendritic branching. Loss of Cut reduces den-
can influence neuronal morphology is Numb. Shen et al. drite growth and class-specific terminal branching and
(2002) followed the development of individual progenitor converts class III and IV neurons to class I- and II-like
cells isolated from the embryonic mouse cortex. Of the neuronal morphology, such that they have relatively sim-
terminal divisions that generate two neurons, Numb ple dendritic branching patterns and smaller dendritic
could be either symmetrically or asymmetrically distrib- fields (Grueber et al., 2003a). Conversely, overexpres-
uted into the two daughter cells. They found a significant sion of Cut in lower-level neurons results in transforma-
correlation between Numb distribution and morphology: tions toward the branch morphology of high-Cut neu-
most sisters of the neuronal pairs with symmetric Numb rons, including the formation of “dendritic spikes.”
have similar morphology whereas most with asymmetric Remarkably, a human Cut homolog, CDP (Neufeld et
al., 1992), can substitute for Drosophila Cut in promotingNumb have different morphology. The neurons with Numb
Neuron
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the dendritic morphology of high-Cut neurons (Grueber (Jefferis et al., 2001). Komiyama et al. (2003) found that
et al., 2003a). Thus, Cut may function as an evolutionarily two different POU domain transcription factors, Acj6 and
conserved regulator of distinct, neuronal type-specific Drifter, are expressed in two groups of PNs of different
dendrite morphology (Grueber et al., 2003a). lineages, anterodorsal (adPN) and lateral (lPN), and re-
The studies of hamlet and cut raise a general issue quired for their proper dendritic targeting, respectively.
of whether these types of genes specify neuronal sub- Misexpression of Acj6 in lPNs or Drifter in adPNs can
type fate with consequent effects on dendrite morphol- convert their dendritic targeting to glomeruli normally
ogy or whether they affect dendrite morphogenesis destined for the other PN lineage, suggesting an instruc-
without influence on overall neuronal fate decisions. tive role for Acj6 and Drifter in dendritic targeting. Fur-
That overexpression of either Hamlet or Cut in postmi- ther, Acj6 is also required for establishing stereotyped
totic neurons can affect dendrite morphogensis—after PN axon branching patterns and terminal fields in a
the neurons have already started neuronal differentia- higher olfactory center, raising the possibility that Acj6
tion—suggests that those genes can either affect den- is involved in matching synaptic partners in the circuitry
dritic morphogenesis specifically or, alternatively, that for processing olfactory information.
the neuronal fate decision is not an all-or-nothing, one
time decision. Different aspects of neuronal fate may The Role of Tiling in Shaping the Dendritic Fields
be decided at different times after the birth of the neuron An important mechanism that contributes to the pat-
and could involve either the same or different regulators. terning of dendritic fields is “tiling.” Tiling refers to the
In this context, it is interesting to note that several other complete but nonredundant innervation of a receptive
studies suggest that there are transcription factors that area by dendrites of the same functional group of neu-
control particular aspects of neuronal morphology with- rons, like tiles covering a floor. Tiling has been well
out affecting earlier fate decisions. For example, the loss characterized in the mammalian retina (Devries and Bay-
of an ETS protein, ER81, results in a selective change in lor, 1997; MacNeil and Masland, 1998; Wassle et al.,
the terminal branching pattern of proprioceptive sensory 1981). By using a multielectrode array to record simulta-
afferent neurons in the spinal cord (Arber et al., 2000). In neously from large numbers of neighboring retinal gan-
contrast, the loss of another closely related ETS protein, glion cells (RGC) from rabbit retina, DeVries and Baylor
PEA3, causes the reduction of the extent of terminal (1997) found that the RGCs can be grouped into 11
branching of specific motor neuron pools at muscle tar- distinct physiological classes, and each class tiles the
gets (Livet et al., 2002). In another example concerning retina. By using photofilling methods, MacNeil and Mas-
Drosophila photoreceptor development, the spalt gene land (1998) were able to randomly fill hundreds of ama-
complex controls rhabdomere formation and opsin ex- crine cells in the rabbit retina with fluorescent dye.
pression but not axon projection (Mollereau et al., 2001), Based on the dendritic branching pattern, those neurons
whereas runt controls the axon projection but not the can be divided into at least 22 different subtypes. For
expression of many other cell identity markers (Kaminker most subtypes, the dendritic fields of the neurons of a
et al., 2002). given subtype cover the retina once and only once with
Transcriptional Programs May Affect the Wiring
very little overlap between the dendrites of those neigh-
of a Neuronal Network
boring neurons. In contrast, the dendrites of neighboring
In addition to transcriptional programs that may control
neurons of different subtypes can have extensive over-
neuronal type-specific dendritic branching, recent works
lap. This arrangement seems to make functional sensesuggest there may be transcriptional programs control-
in that each subtype of neurons presumably serves aling dendritic targeting or perhaps even the projection
particular function. Tiling would ensure that every spotof both axons and dendrites of neurons that are compo-
of the retina and hence every part of the visual fieldnents of a common neuronal circuit, and thus contribute
would be covered (usually once) by the dendrites ofto the wiring of neuronal network (Arber et al., 2000;
each subtype of neurons. Not all subtypes of amacrineKomiyama et al., 2003; Livet et al., 2002). In the chick,
cells show tiling behavior, however. A subtype that tilesthe ETS proteins ER81 and PEA3 are expressed in inter-
perfectly should have a coverage factor of one, i.e., theconnected sensory and motoneurons, leading to the
total area occupied by the sum of the dendrites of allidea that ETS proteins control aspects of pool-specific
the neurons of that subtype should be equal to the totalsensory-motor connectivity (Lin et al., 1998). Results
area of the retina. The majority of the 22 subtypes offrom loss-of-function mutant analysis are consistent
amacrine cells indeed have coverage factor of aboutwith this hypothesis (Arber et al., 2000; Livet et al., 2002).
one. However, several subtypes have coverage factorIn the Drosophila olfactory system, the second order
much larger than one, with a particular subtype knownneurons, known as projection neurons (PNs), function
as “starburst” neurons having a coverage factor as highas a link between olfactory receptor neurons (ORNs)
as 100.and higher olfactory centers. The PNs from different
It is possible neurons with large coverage factors havelineages (for example, anterodorsal [adPN] and lateral
redundant functions or functions better served with long[lPN]) send their dendrites to stereotyped and nonover-
dendrites, such as direction-selective motion detectionlapping glomeruli of the antenna lobe to synapse with
(see section on From Form to Function), and their den-the ORN axons. Those PNs also exhibit highly stereo-
drites lack the ability to repel dendrites of the same kindtyped, glomeruli-specific axonal branching patterns in
(see below). Since MacNeil and Masland classified thehigher olfactory centers. Lineage analysis suggests that
neuronal subtype by dendritic branching pattern, it isa given PN’s lineage and birth order predict its glomeru-
also possible that some of the subtypes with high cover-lar target and that PN dendrites play an active role in
establishing connection specificity in the antenna lobe age factors could be further subdivided with additional
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dritic branches without ablating the entire neuron. In
response to the severing of branches, other isoneuronal
branches fill in the depleted area. Those experiments
together suggest that a like-repels-like mechanism is
responsible for preventing overlap of dendrites between
neurons (heteroneuronal repulsion) as well as between
branches of the same neuron (isoneuronal repulsion)
(Grueber et al., 2003b; Sugimura et al., 2003).
In Drosophila it is also possible to add same-class
supernumerary neurons by using either hamlet or big
brain mutants, which can duplicate some of the da neu-
rons. A duplicated class IV neuron simply divides up
the area that is normally occupied by a single class IV
neuron; their dendrites do not overlap as one would
predict based on the like-repels-like mechanism. In con-
trast, the dendrites of duplicated class I or class II neu-
rons show no repulsion, whereas only the higher orderFigure 1. Tiling
dendrites of duplicated class III neurons exhibit repul-The dendrites of two dendritic arborization (da) neurons of the same
sion (Grueber et al., 2003b). Those experiments revealclass (class IV) do not overlap. The dendrites of those two neurons
were colored red and green, respectively, to illustrate tiling. (Cour- that different classes of neurons may differ in their tiling
tesy of Dr. Wes Grueber, UCSF.) behavior and their dendritic interactions. If one were to
extrapolate those results to the vertebrate retina, one
might speculate that the subtypes of amacrine cellsinformation of those neurons (e.g., their neurochemistry
with a coverage factor much larger than one may showor physiological functions), and the refined subtypes
different types of dendritic interaction as compared tocould exhibit tiling.
subtypes with a coverage factor of one.Besides mammalian retinas, tiling has also been re-
Molecular Mechanisms of Tilingported in the nervous systems of Manduca and Dro-
Cellular studies suggest that like-repels-like behavior ofsophila (Grueber et al., 2001, 2002, 2003b). Tiling is likely
dendrites is responsible for tiling. Further, the repulsionto be a fairly general organizing principle.
between like dendrites most likely involves either con-Cellular Basis of Tiling
tact-mediated dendritic interaction or signaling via aWhat might be the underlying mechanisms of tiling?
short range diffusible substance (Grueber et al., 2003b;Experiments with ablation of neurons suggest that repul-
Lohmann and Wong, 2001; Sugimura et al., 2003). Suchsion between dendrites of the same subtype of neurons
signaling is likely to have class-specific componentsplays an important role for tiling. Lesion of a patch of
and should be bidirectional, i.e., the dendrites can bothRGCs in vertebrate retina causes surrounding GRCs to
emit and receive signal(s). What is the molecular basisgrow toward the depleted area (Hitchcock, 1989; Perry
of tiling? Previous study has implicated a gene calledand Linden, 1982). Such outgrowth occurs in a cell type-
flamingo (a.k.a. starry night). In flamingo mutants, den-specific manner, suggesting a like-repels-like mecha-
drites of da neurons in the dorsal region overextendnism is used by dendrites to exclude other dendrites of
beyond the dorsal midline and invade the contralateralthe same subtype of neurons. Similarly, ablation experi-
side, whereas in normal larvae they do not cross thements of sensory fibers that innervate the skin in leeches
dorsal midline (Gao et al., 2000; Sweeney et al., 2002).or tadpoles also indicate a like-repels-like behavior be-
Although flamingo may contribute to tiling at the dorsaltween dendrites of the same subtype of neurons (Black-
midline, whether it is a general tiling factor remains un-shaw et al., 1982; Gan and Macagno, 1995; Kitson and
clear because the majority of the dendrites of flamingoRoberts, 1983).
mutant neurons still seem to exhibit like-repels-like be-Recent experiments in Drosophila entail either abla-
havior when they come close to neighboring dendritestion of neurons or addition of supernumerary neurons to
(Grueber et al., 2002). Thus, at present, hardly anythingexamine the cellular basis of tiling. Drosophila dendritic
is known about the molecular basis of tiling. However,arborization (da) neurons can be subdivided into four
this may be remedied by forward genetic screens forclasses based on dendritic morphology (Grueber et al.,
tiling mutants in Drosophila.2002). Two of the four classes (class III and IV) exhibit
tiling phenomenon, whereas class I and II neurons nor-
mally do not come into contact. For class III or class IV From Form to Function
Neurons with distinct dendritic morphology typicallyneurons, their dendrites appear to avoid each other at
the border between neighboring neurons, suggesting perform different signal processing and computations
for their particular physiological functions (Euler andthat there is like-repels-like interaction between these
neurons (Figure 1). By using a class IV-specific GFP Denk, 2001; Hausser and Mel, 2003; Wong and Ghosh,
2002). To illustrate the connection between form andreporter, it is possible to visualize the development of
the dendrites and ablate them in a class-specific manner function in a study of contrast, we will consider three
examples. (1) Bitufted brainstem neurons respond toin living animals. Ablation of class IV neurons leads to
the overgrowth of the dendrites of neighboring class IV precise temporal difference between sound inputs to
the two ears (interaural time difference, ITD). (2) Olfac-neurons into the vacated area. It is also possible to
ablate only part of the dendritic arbor by severing den- tory bulb mitral cells display a primary apical dendrite
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plus secondary lateral dendrites and exhibit dynamic vice versa, even though the dendritic lengths are greater
than the separation between dorsal and ventral den-odorant responses based on experience. (3) Retinal
starburst amacrine cells confer directional selectivity. drites (Figure 2B). How might this functional segregation
be established? What could be the link between theseThe first example showcases a “simple” design of
bipolar dendrites, for a neuron “hard wired” for coinci- functional considerations and morphology, such as den-
dritic length?dence detection of sound inputs from the two ears, each
onto a separate set of dendrites. Deceptively simple How can eavesdropping and interference be avoided?
First, it matters how thick and how long the dendritesin appearance, this brainstem neuron has to adjust its
dendritic morphology and expression of transmitter re- are. Thinner dendrites should work better in restricting
the spread of excitation due to ipsilateral innervation ofceptors and ion channels just right, to be tuned princi-
pally to sounds from a particular azimuth sector in dorsal dendrites to ventral dendrites (and vice versa), for
the following reasons. As a general principle, excitatoryspace. In the second example, the mitral cell receives
olfactory receptor neuron input onto its apical dendrite, inputs that converge onto one dendrite sum nonlinearly
as the membrane depolarizes to reduce the driving forceand then excites inhibitory interneurons making recipro-
cal dendrodendritic synapses with its secondary lateral for ions flowing through the transmitter-gated ion chan-
nel (the glutamate receptor in this case). Thus, ipsilateraldendrites, for lateral inhibition of neighboring mitral
cells. This initiates the complex signal processing that inputs are more effective in depolarizing dorsal den-
drites than generating sufficient currents to depolarizeallows a mitral cell to alter its response continuously
according to past experience and present odorant expo- ventral dendrites. The thinner the dendrites (the greater
the surface to volume ratio), the larger the fraction ofsure. The mitral cell is in tune with itself throughout its
processes; action potentials not only propagate down currents originating in dorsal dendrites will exit the dor-
sal dendritic membrane, leaving a smaller amount ofthe axon but also backpropagate into all of the dendrites
to activate local neuronal circuits. Finally, the third ex- current to enter ventral dendrites that act as a current
sink. The longer the dendrites, the larger the current sinkample highlights the functional autonomy of individual
dendritic branches of a starburst amacrine cell. Each of and hence the need for greater ipsilateral (contralateral)
inputs to excite the dorsal (ventral) dendrites. Thethe radiating dendrites may have its own private calcium
signals and its own direction selectivity. Different den- greater the synaptic inputs, the more likely to reach
saturation, which is particularly risky for high frequencydrites of a single starburst amacrine cell could then
participate in parallel circuits that each respond to ob- sounds, because imprecision (jitter) in the timing of ac-
tion potentials relative to sounds (phase locking) is morejects moving in a different direction in the visual space.
Locating Sound by Dedicating Each Dendritic likely to result in erroneous ITD detection for high-fre-
quency sounds. It follows, therefore, that the optimalTuft to One Ear
Mammals and birds independently evolved tympanic dendrite length should decrease with increasing best-
sound frequency that a neuron is tuned to (Agmon-Snirears for detecting airborne sound, hence independent
solutions to the demanding task of relying on the ITD et al., 1998).
Second, the task of a dendrite has to be matched withof just a tiny fraction of a millisecond to locate sound
(Kubke and Carr, 2000; Grothe, 2003). For the consider- its electrophysiological characteristics. Precise timing
mandates shortened action potential, due to voltage-ation of dendritic form and function, we discuss only
the relatively simple solution used by reptiles and birds gated potassium channels of high threshold and fast
kinetics (Kv3), and brief excitation, mediated by gluta-like chick, turkey, sparrow, kiwi, and emu, involving a
two-dimensional array of neurons aligned according to mate receptors that rapidly desensitize (the flop splice
variants of GluR3 and GluR4) (Carr et al., 2001; Par-the best frequency of sound and the specific ITD each
neuron is tuned to (Kubke and Carr, 2000). ameshwaran et al., 2001). Accurate coincidence detec-
tion further requires voltage-gated potassium channelsAs the first station for ITD detection, neurons of the
nucleus laminaris (NL) are tonotopically arranged in one that activate at low threshold (Kv1), allowing summation
of only those coincident inputs that take place beforehorizontal plane (Figure 2A): neurons that respond best
to higher frequencies occupy more rostromedial posi- Kv1 activation (Carr et al., 2001; Kuba et al., 2002). Once
generated by coincident inputs to the dorsal and ventraltions. Each NL neuron elaborates a dorsal and a ventral
tuft of dendrites. The higher the best frequency for a dendrites, action potentials propagate only in one direc-
tion down the NL neuron axon; there should be no back-neuron, the shorter its dendrites are (Figure 2B). NL
neurons’ dorsal dendrites receive excitatory inputs from propagation of action potentials to the dendrites, lest a
breach of the functional integrity for ITD detection.cochlear nucleus (nucleus magnocellularis, NM) relay
neurons for the ipsilateral ear, whereas the ventral den- Sharpening Odor Detection in Assemblies of
Neurons with Reciprocal Dendrodendritic Synapsesdrites receive excitatory inputs due to sounds impinging
on the contralateral ear (Figure 2A). The longer axons Vertebrates and invertebrates alike rely on experience to
fine tune odor detection and discrimination, apparentlyconveying contralateral inputs provide the delay lines;
the more laterally located NL neurons respond to sounds without resorting to recognizing individual components
of an odor mixture that could contain hundreds of com-farther in the contralateral space (Figure 2C) (Kubke and
Carr, 2000). With segregation of inputs from the two pounds (Laurent 2002; Wilson and Stevenson, 2003).
For our consideration of dendrite form and function,ears and a built-in delay from one ear, coincidence of
inputs from the two ears to the dorsal and ventral den- once again, we will zoom in on just one vignette, in this
case, mitral cells of the mammalian olfactory bulb.drites causes the NL neuron to excite maximally to
sounds with a particular ITD. This scheme for ITD detec- In the rat, about a thousand olfactory receptor neu-
rons that express the same odorant receptor send theirtion, however, would only work if synaptic inputs unto
dorsal dendrites will not excite ventral dendrites and axons to one or two glomeruli in an olfactory bulb, and
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Figure 2. Bipolar Dendrites for Interaural
Time Difference Detection
(A) Schematic of a coronal section through
the chicken brainstem containing nucleus
laminaris (NL). Neurons in the cochlear nu-
cleus magnocellularis (NM) receive auditory
(VIII nerve) input and synapse onto the dorsal
dendrites of ipsilateral NL neurons and ven-
tral dendrites of contralateral NL neurons.
From Parameshwaran et al. (2001).
(B) From left to right (caudolateral to rostro-
medial), neurons that respond best to higher
frequency of sound have shorter dendrites.
From Agmon-Snir et al. (1998).
(C) The longer delay lines of contralateral NM
neuron axons to more lateral (left) NL neurons
result in their maximal response to sounds
originating from far contralateral space. Con-
versely, NL neurons at medial positions (right)
are tuned to sounds originating from the front.
From Kubke and Carr (2000).
excite about 20 mitral cells, each sending its single pri- in a manner suggestive of habituation and enhanced
feature discrimination of odors from experience, likelymary apical dendrite to one glomerulus (Figure 3A). The
secondary lateral dendrites of mitral cells establish ex- due to lateral inhibition as well as further processing
involving the cortex (Fletcher and Wilson, 2003).citatory synapses that release glutamate onto the den-
drites of granule cells, inhibitory neurons without any In contrast to the absence of action potential back-
propagation in auditory brainstem neurons designed foraxon; these granule cell dendrites in turn make inhibitory
synapses that release GABA onto mitral cell lateral den- coincidence detection of sound inputs with specific ITD,
action potentials readily backpropagate, and induce cal-drites (Figure 3A). Because the lateral dendrites of neigh-
boring mitral cells overlap extensively, the reciprocal cium entry, into dendrites of mitral cells and granule
cells, thereby enabling dendrodendritic synaptic trans-dendrodendritic synapses between a granule cell and
multiple mitral cells would cause lateral inhibition (Yokoi mission (Debarbieux et al., 2003; Egger et al., 2003).
Interestingly, whereas action potential backpropagateset al., 1995). What is the functional consequence of this
linkage of mitral cells via granule cells? into the primary apical dendrite of mitral cells without
attenuation, the A type voltage-gated potassium chan-Each mitral cell is excited by a small set of odorants
of similar chemical structure, determined by the odorant nels cause attenuation of backpropagating action po-
tentials along the secondary lateral dendrites (Figurereceptor of olfactory receptor neurons that converge
onto the same glomerulus to excite the mitral cell apical 3B). Modulation of A type potassium channels by mem-
brane depolarization and other signaling processes,dendrite. For example, a glomerulus may respond to
aliphatic aldehydes of chain lengths that vary by 3–5 therefore, could regulate dendritic action potential wave-
form and transmitter release, possibly contributing tocarbons (Figure 3A), or ethyl esters with a similar range
of carbon length variation (Fletcher and Wilson, 2003). the dynamic processing of olfactory inputs according
to experience (Christie and Westbrook, 2003).Moreover, closely related odorant molecules activate
neighboring glomeruli, raising the possibility that lateral Direction Selectivity of Starburst Amacrine Cells
with Radiating Dendritesinhibition in the olfactory bulb could sharpen responses
to odorants (Yokoi et al., 1995). Indeed, prolonged (50 s) One in ten retinal ganglion cells is selective for one of
four directions of motion of visual images: upwards,exposure to an odor causes immediate as well as long-
lasting changes in the mitral cells’ response and tuning, downwards, forward, backward (for those animals with
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each eye looking out to one side). Images moving in the
preferred direction of a direction selective ganglion cell
(DSGC) cause excitation, whereas images moving in the
opposite (null) direction elicit no response. Each point
on the retina has representation by these four types
of ganglion cells; ganglion cells selective for a given
direction tile the retina, allowing the eye to sense motion.
These ganglion cells and their presynaptic starburst
amacrine cells both send out dendrites with roughly
symmetric branching patterns and both receive excit-
atory inputs from narrow field bipolar cells that tile the
retina (Figures 4A–4D). Although the cell density is simi-
lar for direction-selective ganglion cells and starburst
amacrine cells, the former but not the latter exhibit tiling,
with the starburst amacrine cells showing a coverage
factor of nearly 100 (Famiglietti, 2002; Taylor and Vaney,
2003). How could the apparent symmetry of their den-
drites be reconciled with their direction selectivity?
Starburst amacrine dendrites act autonomously. Elec-
trophysiological recording from the starburst amacrine
cell body reveals sensitivity only to light intensity but not
to the direction of motion. Surprisingly, calcium imaging
indicates that each of the dendrites of these axonless
interneurons signals independently, responding prefer-
entially to images moving roughly in the direction of the
dendrite toward its distal end (Euler et al., 2002) (Figure
4D). Moreover, only amacrine cells on one side (the
null side) of a direction-selective ganglion cell cause its
inhibition, and the inhibition is stronger when the image
is moving in the null direction (Fried et al., 2002). This
way, an image moving in the null direction of a direction-
selective ganglion cell would first reach its null side,
inducing inhibition by starburst amacrine cells and
thereby nullifying excitatory inputs to this ganglion cell.
Conversely, an image moving in the opposite, preferred,
direction would reach the null side of the ganglion cell
last, after having generated excitation. What might be
the significance of tiling of ganglion cells but not star-
burst amacrine cells? Conceivably, the long dendrites
of starburst amacrine cells may facilitate direction-
selective detection of movements in the visual space;
moving images will have a better chance to overlap with,
and hence excite, a long dendrite. Compensating for
the loss of spatial resolution due to the large coverage
factor and extensive overlap of these amacrine cell den-
drites, their postsynaptic ganglion cells for each pre-
ferred direction tile the retina; together the direction-
selective amacrine cells and ganglion cells can inform
both the location and the direction of moving objects
(Figure 4E).
Figure 3. Reciprocal Dendrodendritic Synapses between Olfactory
It should be noted that, as in the case of hearing andBulb Neurons Sharpen Feature Discrimination
smelling discussed above, our brief discussion could(A) Olfactory receptor neurons (ORN) expressing the same odorant
not have done justice to an issue as complex and intri-receptor converge to a glomerulus (GL) and excite the primary apical
cate as visual processing. Typically, fixed or shiftingdendrite of a mitral/tufted cell (M/T), whose secondary lateral den-
drites excite granule cells (GR) and are in turn inhibited by granule assemblies of neurons, each with their own characteris-
cells. Neighboring mitral cells are contacted by olfactory receptor tic patterns of dendrites, synapses, and ion channel
neurons responding to chemically related odorants (e.g., n-aliphatic distribution, are important for executing physiological
aldehydes as indicated in insets [3AA]–[3AC]). Lateral inhibition may functions, such as sensory transduction and informa-
thus narrow the range of compounds causing excitation () and
tion processing.allow other related compounds to cause inhibition () of a mitral
cell (inset [3AD]). From Yokoi et al. (1995).
(B) Attenuation of backpropagating action potential into lateral but
not apical dendrites of mitral cells. Paired somatic and dendritic tion of somatic and dendritic action potentials (bottom row) reveals
whole-cell current-clamp recording of action potentials induced by attenuation of action potentials in lateral dendrites. From Christie
somatic current injection or dendritic current injection. Superimposi- and Westbrook (2003).
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Figure 4. Direction-Selective Excitation of
Individual Dendrites of a Starburst Amacrine
Cell Underlies Direction Selectivity of Gan-
glion Cell Responses
(A) Four subtypes (indicated by four colors)
of direction-selective ganglion cells (DSGC)
with orthogonal preferred directions each tile
the retina.
(B) Bipolar cells that innervate both starburst
amacrine cells (SBAC) and DSGC also tile
the retina.
(C) The dendritic fields of SBAC show exten-
sive overlap.
(D) Starburst amacrine cells receive bipolar
cell input over the whole dendritic tree but
provide output to ganglion cells through the
outer ring of terminal processes.
(E) Individual dendrite of starburst amacrine
cells responds preferentially to image motion
away from the soma roughly along the direc-
tion of that particular dendrite, causing inhibi-
tion on the null side of each DSGC. From
Taylor and Vaney (2003).
Perspective tious optimism that significant progress will be made in
the near future.The study of dendrite development is still in its infancy.
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